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engineering could reduce dissolution time to hundreds of years. In the same paper a surface (or ex-situ) dissolution which could be achieved within a surface pipeline was suggested, aiming CO 2 to be dissolved before it is injected underground. In the study presented here a feasibility of this idea, as seen in Figure 1 , is investigated in detail. In this approach brine produced from target aquifer is mixed with previously captured and liquefied carbon dioxide. After that carbon dioxide-brine mixture enters a pipe where the process of dissolution of carbon dioxide in brine occurs. After the dissolution process is completed in the pipe, CO 2 saturated brine is injected back to the aquifer. Varieties of two phase pipe flow regimes are possible depending on brine and CO 2 flow rates and properties, but since the solubility of carbon dioxide is low complete dissolution will require low CO 2 hold ups during the process. This constraint along with a high (overall) mixture loads (flow velocities) will result in turbulent droplet flow which is the most effective regime for mass transfer (dissolution).
In our previous work [5] a turbulent mass transfer from CO 2 droplets into brine during co-current (CO 2 -brine) horizontal pipe flow was investigated to evaluate the feasibility of the proposed method. The model development was based on [6] considering mass transfer from cloud of droplets with a given hold up.
The dissolution efficiency, ߝ, shown in Figure 1 depends on multiple parameters such as flow rates and pipe diameter. These parameters control turbulence intensity and as a result, control the coefficient of mass transfer as well as initial (inlet) droplets size. Different flow rates, pipe diameters, CO 2 hold ups, correlations for coefficient of turbulent mass transfer had been investigated [5] . The results are very promising showing fast dissolution in the case of turbulent regime but when droplets size riches scales comparable to inner scale of turbulence one should consider diffusive mass transfer in the cloud of droplets (even though flow is turbulent overall).
We showed that diffusive mass transfer rates are mach slower comparing to turbulent ones, but since droplets are small when diffusive mechanism starts to govern the process, the overall time for complete dissolution is reasonably small.
When compared with direct underground disposal, where the density of CO 2 is less than the density of residual fluid already in the underground formation, the present approach has the following benefits: x eliminates the risk of CO 2 leakage to the surface; x expands the range of underground formations suitable for disposal; x simplifies risk management of disposal projects and makes them more cost efficient 
Diffusion Dissolution Model
In order to examine dissolution rates below the inner scale of turbulence, as well as provide a comparison to the turbulent dissolution examined in [5] , this paper investigates purely diffusion-based dissolution. The diffusion equation to describe this system (of a sphere of pure component A dissolving in a liquid medium of component B) is provided by Readey and Copper [7] to be, in the dimensionless form:
with
In these equations, the dimensionless form for each term can be acquired through the following transformations:
Here, ߩ is the concentration, ‫ݎ‬ is the radial distance from the center of the droplet, ‫ݐ‬ is time, ܽ is the radius of the droplet (with ܽ being the radius at time ‫ݐ‬ ൌ Ͳ), ‫ܥ‬ ஶ is the initial concentration of component A in the medium, ‫ܥ‬ is the concentration of A at the surface of the sphere, and ‫ܦ‬ is the diffusion coefficient of A in B. Additionally, the parameters ߙ and ߚ are defined as
where ܿ ௦ is the droplet density and ܸ ത is the partial molar volume of A in B. ߙ is the ratio between the volume A occupies in B and the volume of A in the droplet. As such, when ߙ ൌ ͳ, there is no density change of component A on mixing, resulting in no bulk radial flow of the liquid, and when ߙ ൌ Ͳ, the density of the solution is independent of the concentration of A in the solution [8] .
The boundary and initial conditions for this problem are given as
There is one additional boundary condition, defining the concentration far away from the droplet. Originally, the assumption made was that of a single droplet in an infinite liquid [8] . However, in the conditions given in this paper, it becomes important to consider the contribution of other droplets. Similarly to [4, 5] , this paper accounts for the presence of other droplets in the solution using a simple cell model, where each droplet is considered to be inside an isolated cell (with size dependent on the volume fraction of droplets in the liquid, ߶), with the assumption that there is no mass transfer at the boundary, as mass transfer the volume fra The assum 
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Where ߪ is the interfacial surface tension, ߩ is the density, ‫ܦ‬ is the pipe diameter, ܷ is the average flow velocity, and the subscripts ܿ and ݀ denote the continuous and dispersed phases, respectively.
Another equation for maximum droplet diameter is provided by Karabelas, based on that of Hinze, and is used to calculate ݀ ଽହ , which is the droplet diameter for which 95% of the total volume of droplets are equal to or smaller in size. This equation states that
In an attempt to better match experimental data, Karabelas suggests another equation for ݀ ଽହ . This equation is slightly simpler than that of Hesketh et al., and gives
where ܹ݁ is a dimensionless Weber number used for this equation, dependent of pipe diameter and velocity, and is defined as
Additionally, there is another equation to calculate ݀ ୫ୟ୶ , provided by Angeli and Hewitt, which states that
where ݂ is the friction factor, provided by Churchill [13] to be
with parameters A and B defined as
‫ܴ‬ is the roughness of the pipe, and ܴ݁ ൌ ఔ is the Reynolds number based on pipe diameter, with ߥ the kinematic viscosity of the continuous phase. Table 1 Parameters used for the system of turbulent flow CO2 droplets in brine within a horizontal pipe (the same used in [5] ܴ݁ 259000
Inner Turbulence Scale
While assuming a droplet undergoes diffusion-controlled dissolution from its initial size gives the most conservative estimates of dissolution time, most droplets are large enough that they begin within the turbulent regime. Townsend, as well as Kawase et al., proposed that the inner turbulence scale, ‫,ܫ‬ which gives a rough estimate of the boundary of droplet size between the turbulent and diffusive regimes, could be estimated by
Since the exact value of ‫ܫ‬ is unknown, and since it is not a hard boundary between the two regimes, it was of interest to gain a stronger understanding of how close in size a droplet could become, while still undergoing turbulence-controlled dissolution. Kress and Keyes [14] provided experimental data that could help narrow down the range for ‫,ܫ‬ as they used differing droplet sizes in varying Reynolds numbers, all of which remained within the turbulent regime. This data can be used to provide a better idea of an upper bound for ‫ܫ‬ through the smallest droplet size still under turbulent conditions. Also, it is important to note that the parameter given for droplet size was the Sauter mean diameter, ݀ ଷଶ , as opposed to ݀ ௫ . This gives more useful information, as opposed to using ݀ ௫ , when comparing the smallest size value to that of ‫.ܫ‬
The values examined were taken from Figure 5 in Kress and Keyes [14] , which provides purely horizontal flow data, and is not noted to have atypical behaviour. Based on the pipe diameter of 2.0 in. and ܴ݁ ranging from 20000 to 50000, ‫ܫ‬ becomes proportional to values between 0.081 mm and 0.160 mm. It is this upper value of 0.160 mm that is of interest in comparison with the droplet sizes. The given values of ݀ ଷଶ start at 0.381 mm and go up to 1.016 mm. Comparing the smallest value of ݀ ଷଶ , 0.381 mm, to the largest value of ‫,ܫ‬ 0.160 mm, shows that the droplet remains in the turbulent regime at a size ̱ʹǤͶ times the value of ‫.ܫ‬ This provides a reasonable upper limit for ‫ܫ‬ that will be used when calculating its vale for the case of CO 2 droplets dissolving in brine.
Results and Discussion
Using methods detailed earlier, the ݀ ௫ or ݀ ଽହ values were calculated from the parameters in Table 1 . Then, the time to complete droplet dissolution, ‫ݐ‬ ௗ , was calculated for these varying diameters using Equation (1), with results for ݀ ௫ , ݀ ଽହ , and ‫ݐ‬ ௗ shown in Table 2 . Working with the value of ܷ from Table 1 , this means that the largest droplets would need a pipe 10-65 km long (based on the value of ݀ ௫ ) to completely dissolve all injected CO 2 droplets. In order to compare the time spent by a droplet in turbulent as opposed to diffusive mass transfer dissolution, a value for ‫ܫ‬ is also needed. From Equation (16),
Scaling this value of ‫ܫ‬ by 2.4 times gives an approximate upper bound for ‫ܫ‬ of 0.17 mm. Comparing this to the smallest ݀ ௫ value from Table 2 , from Equation (13), it can be seen that the value of ݀ ௫ is ̱ͷǤͻ times that of ‫.ܫ‬ Since these are diameter values, the maximum droplet volume, then, is ̱ʹͲͲ times that of a droplet with a diameter of 0.17 mm. As such, the largest droplets will likely remain under turbulent diffusion until they are about 0.5% their original size. While this is specifically for the largest droplets in the distribution, it still gives some idea about the percentage of dissolution that is dominated by diffusion.
Additionally, ‫ݐ‬ ௗ was calculated for this upper bound value of ‫,ܫ‬ to see time taken to dissolution once a droplet reaches this scale. ‫ݐ‬ ௗ for this case was found to be 161.7 s. This time, however, is calculated based on the assumption that the droplet starts at this size, with ܽ ൌ ͲǤͳ ݉݉ (Table 2 ). Since the droplet surface is assumed to be stationary at ‫ݐ‬ ൌ Ͳ, and since the motion of the surface inwards increases rate of dissolution, ‫ݐ‬ ௗ for this case is larger than it would actually be for a droplet that is shrinking past ‫.ܫ‬ In comparison to the time for diffusion dissolution from ‫,ܫ‬ droplets in the same conditions were predicted to take 200-800 s with turbulent dissolution [5] . As such, adding the time taken by turbulent dissolution to the ‫ݐ‬ ௗ value from starting at ‫ܫ‬ gives a total time in a range ~ 400-1000 s. With an upper limit of ~1000 s, this would result in requiring a pipe with a length of about 2 km.
A droplet undergoing purely diffusion-based dissolution will dissolve much more slowly than one that experiences turbulent dissolution. However, while a dissolving droplet in turbulent flow will switch from turbulent dissolution to diffusion dissolution in the region of the inner scale of turbulence, the size at which this change occurs is much smaller than the initial droplet size. As such, under the conditions in Table 1 , diffusion is only responsible for the dissolution of a very small fraction of the original droplet's size, but due to very slow diffusive rates, the time scales and pipe lengths are the same order of magnitudes for both regimes, so both need to be taken into account.
